Three landraces of bambara groundnut (Vigna subterranea (L.) Verdc.) were grown as crop stands in controlled environment glasshouses at the Tropical Crops Research Unit, University of Nottingham, in 1995. Two soil moisture treatments were imposed : irrigated to 90 % field capacity each week and irrigated to 60 % field capacity until establishment (27 days after sowing) with no further irrigation. Seasonal mean fractional interception varied between 0n20-0n37 for the droughted treatments and 0n62-0n74 for the irrigated treatments, resulting in cumulative intercepted radiation of 228-350 MJ\m# and 662-794 MJ\m#, respectively. The maximum total dry matter (DM) produced was 5n8 t\ha at final harvest (145 days after sowing) with a pod yield of 2n7 t\ha. Under moisture stress there was little difference in DM production between landraces, with the highest total DM of 1n1 t\ha and a pod yield of 0n05 t\ha, representing a harvest index of 0n05 compared with an average of 0n46 for the irrigated treatments. The conversion coefficient was reduced from 1n00 under irrigation to 0n51 g DM\MJ radiation intercepted by soil moisture stress. Two of the landraces showed adaptive mechanisms to avoid drought ; these are discussed in relation to maximizing seasonal radiation interception.
INTRODUCTION
The potential for bambara groundnut (Vigna subterranea (L.) Verdc.) has been demonstrated by the capacity of local landraces to yield favourably both in controlled environments and field experiments. The crop is capable of producing a pod yield equivalent to 4 t\ha in previous experiments at the University of Nottingham's Tropical Crops Research Unit (TCRU) (Collinson et al. 1996) and in the field in Dodoma, Tanzania (S. T. Collinson, unpublished) . The crop has also been shown to produce small but significant yields under soil moisture stress. For example, a Zimbabwean landrace growing in the TCRU glasshouses produced 0n4 t\ha compared with a groundnut (Arachis hypogaea) cultivar which produced 0n1 t\ha under identical conditions (Babiker 1989) .
In field conditions, where soil moisture is the most common constraint, pod yields of bambara groundnut are often low and variable, averaging about 750 kg\ha (Rachie 1974) . Despite being grown by subsistence farmers across semi-arid Africa, bambara groundnut production has been sustained largely through tradition and has been accorded little research effort. The key physiological attributes of the crop are not fully understood and there is a need to examine the physiological basis for yield reductions under drought before advocating particular agronomic practices. It is appropriate to assess these under controlled environment conditions, where there is no risk of pest and diseases and the principal environmental factors can be kept within a pre-determined range.
Dry matter production can be related to the fraction of radiation intercepted (f ) by the crop, the amount of incident solar radiation and the conversion coefficient for solar radiation (ε s ; g\MJ) (Squire 1990) . Bambara groundnut is grown mainly in the semi-arid tropics of Africa where the incoming solar radiation seldom restricts yield. In these regions, low and erratic rainfall and high potential evaporation are more likely to restrict DM production, and ultimately yield, due to a deficiency of water available to the crop.
However, the relative sensitivity of f and ε s to soil moisture stress is not known. In particular, nothing is known of the ability of contrasting landraces, cultivated in different agroecological environments, to capture and convert solar radiation into DM. Preliminary work on one landrace indicated a 23 % reduction in seasonal mean f and a 65 % reduction in ε s under soil moisture stress (Collinson et al. 1996) . This paper describes canopy development, cumulative radiation interception and the conversion of radiation into DM by three contrasting landraces of bambara groundnut grown under two soil moisture regimes. The implications of these findings are discussed in relation to the adaptive mechanisms of drought avoidance displayed.
MATERIALS AND METHODS
Contrasting landraces of bambara groundnut from Botswana (DipC), Tanzania (DodR) and Sierra Leone (LunT) were grown in the TCRU controlled-environment glasshouses under two soil moisture regimes. Each glasshouse has a cropping area of 35 m# containing a sandy loam soil overlying gravelly loam subsoil. The five glasshouses are aligned north to south and are spaced 15 m apart to avoid mutual shading. The soil volume is lined to a depth of 1n25 m with butyl rubber to prevent the lateral movement of water and to prevent natural water table fluctuations from affecting the rooting zone. A similar liner divides each house into two plots (3n8 mi4n2 m), North and South. Each of the five glasshouses contained an irrigated and a droughted treatment of a single landrace. Two of the landraces (DodR and DipC) were replicated, ine. each grown in two glasshouses.
Heat was supplied via gas-fired heaters (Powrmatic Ltd, UK) which had an atmospheric flue to vent the fumes to the outside of the glasshouse. Daily mean temperature was maintained at 27 mC with a sinusoidal diurnal variation of p5 mC. Atmospheric saturation vapour deficit in each house was allowed to range freely with a cut-off at 4 kPa above which the spinning disc humidifiers (Mellor-Bromley, UK) were automatically switched on. The crops received natural daylight with no supplementary lighting. Bambara groundnut is a short day plant (Linnemann 1991), hence daylength was controlled at 12 h\day from 25 May (14 DAS ; days after sowing) to 15 September (127 DAS) by covering the crop with a black polythene screen fitted over a metal frame above the crop.
The soil in each plot was sterilized with methyl bromide 2 weeks before sowing, then hand-cultivated and rake-harrowed to create a fine tilth seedbed. Fertilizer was applied prior to sowing to achieve the following soil macro-nutrient contents ; N 150 kg\ha, P 40 kg\ha and K 150 kg\ha, based on soil analyses. On 11 May 1995 the seeds were sown (one per station) at 5 cm depth and at 10 cm intervals along rows 30 cm apart. For DodR and DipC, thinning to 20 cm intervals was carried out at 21 DAS to achieve a final plant population density of 16n7 plants\m#. However, LunT showed poor emergence so thinning was not carried out. Biological pest control (Ciba Bunting, Essex) was applied prophylactically every 2 weeks from crop establishment : Amblyseius cucumeris, for the control of Western flower thrip, and Phytoseiulus persimilis, for the control of red spider mite.
Water in the soil profile was measured weekly at 0n1 m intervals down the profile to a depth of 1 m, using a neutron probe (Didcot Instruments, Wallingford, UK) via four access tubes within each plot. Irrigation was applied by PVC microporous tubing placed between the rows and the amount of water applied to each individual plot was measured using a water meter. In each glasshouse, the two soil moisture treatments, randomly assigned to each plot, were : ' Irrigated ', returned to 90 % field capacity on a weekly basis ; and ' Droughted ', maintained at 60 % field capacity until establishment at 27 DAS then no more water applied.
Measurements
Emergence (first appearance of a cotyledon) was measured along two rows for each plot. Leaf and flower numbers per plant were also measured for the same two rows, up to twice weekly. Dry matter production and leaf area index (leaf area per unit ground area) were assessed from seven sequential growth analyses on 22, 40, 61, 75, 96, 117 and 145 DAS. On each occasion, four to six pre-determined plants were harvested, avoiding the central harvest area (left untouched until final harvest at 145 DAS) and the guard rows around each plot. Plants were placed individually in polythene bags and stored at 3 mC until measurements were made (within 24 h). The number of leaves, flowers, pegs, pods 0n5 cm diameter and pods 0n5 cm diameter were counted. Leaf area was measured using a planimeter (LI-3100, Licor, USA). Each component was oven-dried at 80 mC for 48 h before weighing.
Root samples were taken on 21, 63 and 145 DAS using a 0n1 m diameter Jarrat auger in 0n1 m increments to the maximum rooting depth. Four root cores were taken per plot, two on the row (where the above-ground part of a plant had been removed for growth analysis) and two between the row. Samples were stored at 3 mC prior to washing. Roots were washed from the soil over a fine sieve and the dry weight of each root sample was recorded.
Irradiance was measured by tube solarimeters mounted above the canopy and transmitted radiation was measured by paired solarimeters on the soil surface, across rows within the central harvest area of each plot. Additional measurements of diurnal light interception, leaf reflectance and light profiles through the canopy were made on specific occasions on one replicate plot per landrace through the growing season using an AccuPAR ceptometer (Decagon Devices Ltd, USA) (Berchie 1996) .
RESULTS
In the data presented there was no significant difference between the replicate plots for the landraces DipC and DodR, hence the data for these replicate plots were combined.
Emergence
Final percentage emergence was similar for DodR and DipC (94 and 92 %, respectively), although the mean time to emerge for DipC was slightly longer (10n3 days, .. 0n14, compared with 9n2 days, .. 0n12). LunT emerged later (14n5 days, .. 0n63) and the final percentage emergence was only 31 %. Therefore, the LunT landrace was not thinned : plant population densities were 9n9 and 10n8 plants\m# for the irrigated and droughted plots of LunT, respectively, compared with a final plant population density of 16n7 plants\m# for all other plots. These populations were used to calculate DM values on an area basis.
Phenology
First flower appearance occurred at 40 DAS for all three landraces and both moisture treatments. However, drought reduced cumulative flower production by almost 50 % in the DodR and LunT landraces but by only 7 % in DipC. Pod production could only be assessed at the destructive growth analyses : for all three landraces pods 0n5 cm diameter were present at 63 DAS for the irrigated but not for the droughted treatments ; at 77 DAS, pods were present in both moisture treatments.
Canopy development
Leaf initiation rates were similar for the three landraces and two soil moisture treatments until c. 40 DAS (Fig. 1) . Leaf production in the droughted treatments declined by c. 60 % between 40 and 75 DAS compared with the irrigated treatments : leaf production in LunT declined earlier than in the other two landraces. The average area per leaf in the droughted treatments also declined, by 32 % over the same time period compared with the irrigated treatments. By 96 DAS, drought had reduced the leaf number and area per leaf by 57, 58, 67 % and 33, 41, 67 % for landraces DodR, DipC and LunT, respectively. The leaf area indices (L) were similar until c. 40 DAS, after which the irrigated treatments had consistently higher L values than the droughted (Fig.  2) . Maximum L values were 5n4 (DipC) and 1n2 (DodR) for the irrigated and droughted treatments, respectively.
Fractional interception
Maximum fractional interception values were 0n9 and 0n4 for the irrigated and droughted treatments, corresponding with L values of 5n4 and 1n2, respectively. The total seasonal irradiance was 1214 MJ\m# and daily irradiance values varied from c. 2 to 17 MJ\m#. Cumulative intercepted radiation was highest for LunT under irrigation (794 MJ\m#) and least for LunT under drought (228 MJ\m#): a 71% reduction in cumulative radiation intercepted between irrigated and droughted treatments, compared with a 37-47 % reduction for DodR and DipC (Table 1) . An example of the typical diurnal pattern of light interception is shown in Fig. 3 . There was a significant landrace and treatment effect but no overall significant difference between the measurement times. However, fractional interception declined by c. 14 % at 14.00 h (compared to the 09n30 h measurement) in the droughted DodR and DipC but not in LunT. In the irrigated treatment, there was a small decline (4 %) in f at 14.00 h for DodR and no decline in DipC or LunT. Light transmission through the canopy showed an exponential decay in the irrigated treatment, with an extinction coefficient of 0n53 for DodR and DipC, and 0n71 for LunT (Fig. 4) . In the droughted treatments, light penetration through the canopy followed a linear rather than an exponential decay, indicating a deviation from Beers Law (Kasanga & Monsi 1954) (e.g., 71 DAS, Fig. 5 ). There was a significant difference between landraces and treatments in terms of leaf reflectivity (expressed as % of incoming radiation) measured with the AccuPAR ceptometer at 91 DAS (Table 2) . Reflectivity was higher in the droughted than the irrigated treatments for all three landraces.
Conversion coefficient
The conversion coefficient for intercepted radiation (ε s ) was calculated by regression of total biomass on cumulative radiation intercepted throughout the season (Fig. 6 ). There was a significant treatment effect on ε s but no significant difference between landraces. The conversion coefficient was reduced from 1n00 (.. 0n026) g\MJ in the irrigated treatment to 0n51 (.. 0n057) g\MJ in the droughted treatments (overall r# l 0n92 with 70 ..).
Final harvest
At the final harvest (145 DAS) there was no significant difference between landraces in total DM or pod yield (Table 3 ). There was a significant difference between treatments, drought causing a decline in DM from 40n9 to 18n6 g\plant and from 7n4 to 0n3 g\plant in pod yield. These values are equivalent to DM production of 5n8 t\ha under irrigation, declining to 1n1 t\ha under drought, with equivalent pod yields of 2n7 and 0n05 t\ha, respectively. The maximum pod yield achieved in one plot was 4n3 t\ha by DipC, from a total biomass of 7n6 t\ha. The harvest index ranged from 0n38 to 0n53 under irrigation and from 0n00 to 0n08 under drought (Table 3) .
DISCUSSION

Canopy development
As with many other species, canopy development in bambara groundnut is very sensitive to soil moisture deficits, with a reduction in L caused by reduced leaf initiation or expansion, increased leaf senescence and shedding, or a combination of these processes. The relative sensitivity of these processes, and implications for biomass production, depends on the timing and severity of stress (Hsiao 1993) . Early in the season, canopy cover is the major limitation to productivity and thus reductions in leaf initiation or expansion, which occur even under mild stress, can potentially reduce subsequent DM production. Once canopy cover is complete, although mild stress may reduce leaf expansion, biomass production is unlikely to be affected. Stress later in the season may well hasten leaf senescence, thus reducing the green leaf area duration and the potential for accumulating radiation through to maturity (Hsiao 1993). As pod-filling in bambara groundnut is primarily dependent on current assimilation, a reduced green area duration is likely to have a significant effect on pod yield. In this experiment, leaf initiation was reduced by soil moisture stress from c. 40 DAS onwards. In two landraces, DodR and DipC, leaf expansion was less sensitive to stress, whereas in LunT both leaf initiation and expansion were reduced by almost 70 % by stress. Therefore canopy cover in the droughted treatment was incomplete and the amount of radiation intercepted declined (relative to the irrigated treatment) from c. 60 days in DodR and DipC and 40 days in LunT. The maximum fractional interception values of 0n90 for the irrigated stands were higher than reported values for other legumes, for example, cowpea 0n77, pigeonpea 0n72, soyabean 0n79 (Muchow 1985) . However the seasonal mean f values of 0n6-0n74 agree with the value of 0n64 for groundnut (Bell et al. 1987) . Light penetration followed Beers Law in the irrigated but not the droughted treatment, probably due to the sparse nature of the canopies under water stress resulting in a non-random arrangement of leaves within the incomplete canopy. Also changes in leaf orientation within an individual plant will alter light transmission. This must be taken into account when simulating light interception, for example by a reduction in the extinction coefficient under stress, as suggested by Ridao et al. (1996) or allowing for areas of bare soil within the sparse canopy (Bradley & Crout 1993) .
There was evidence for an increase in leaf reflectivity under stress which is in agreement with the literature on several crops, e.g. sugarcane (Khera & Sandhu 1988) and groundnut (Chapman et al. 1993) . The latter found that changes in leaf orientation were related to an increase in reflectance when shiny abaxial surfaces are exposed in some cultivars of groundnut. Leaf temperature, and hence transpiration, is reduced by increased reflectance. The magnitude of the changes in reflectivity was small, i.e. from 1n1 to 2n3 % increase under droughted conditions and would have little impact on the capture of incident radiation. However, there may be scope for exploiting genetic variability in leaf reflectance characteristics in breeding for drought tolerance, as has been suggested for soyabean (Zhang et al. 1992) .
Changes in leaf orientation to reduce incident radiation on the leaf surface, termed paraheliotropism, result in decreased transpiration and a reduction in photoinhibitory effects related to excessive direct radiation. This may have occurred to some extent in the droughted DipC and DodR treatments, although the reduction was not significant, but not in LunT. Changes in leaf orientation have also been observed by the authors in the field in Botswana where radiation levels exceed 30 MJ\m# per day. This compares with maximum values of 17 MJ\m# per day in the experiment reported here, in which plants would be less likely to incur damage from direct radiation.
In LunT, stress caused a greater reduction in leaf number and size, thus reducing transpiration but at the expense of potential productivity. LunT came from a high rainfall environment (c. 3000 mm\year) in Sierra Leone and does not appear to have the same adaptive mechanisms to avoid drought as DodR and DipC, which came from drier areas (c. 600 mm\year) in Tanzania and Botswana, respectively. Changes in leaf orientation provide a rapid, reversible way of reducing transpiration when water is scarce.
Radiation conversion coefficient
The estimated conversion coefficient of 1n0 g\MJ under irrigation is lower than that recorded in previous experiments at the TCRU (1n41 g\MJ, Collinson et al. (1996) ) but higher than reported values for other legume species. For example, Muchow (1985) reported values calculated using cumulative PAR intercepted as opposed to total solar radiation ; cowpea 1n16 g\MJ, pigeonpea 1n1 g\MJ and soyabean 0n88 g\MJ. In the droughted treatments there was an initial linear phase but then dry matter production declined, although light was still being intercepted. This breakdown in linearity between TDM and cumulative radiation intercepted may have been due to a reduction in the photosynthetic rate, since both the conversion coefficient and photosynthesis rate are related to leaf water potential (Ong et al. 1987) .
The fact that pod yields 4 t\ha were produced by a bambara groundnut landrace obtained from a farmer in Botswana indicates the huge potential for this crop. If, as this study suggests, there is little variation in the conversion coefficient between bambara groundnut landraces, then a priority in the field would be to maximize seasonal radiation interception, especially under water stress. Bambara groundnut has previously been shown to withstand water stress through the maintenance of turgor through a combination of osmotic adjustment, reductions in leaf area index and effective stomatal regulation of water loss (Collinson et al. 1997) . Although bambara groundnut is able to withstand drought, in this study water stress reduced seasonal light interception by 71 % in a landrace from a wet, humid environment (Sierra Leone) and by 37-47 % in two landraces from semi-arid regions. Crop management practices should ensure good establishment through appropriate sowing depths in relation to the available soil moisture. Pre-sowing hydration treatments may also improve the rate and uniformity of emergence under rainfed conditions (Massawe 1999) . Sowing at the correct time will ensure that the duration of growth, determined by photoperiod and temperature (Brink 1997) , matches the growing season available. Sowing at the correct density will optimize use of above-and below-ground resources, however, further work is required to assess optimum sowing density for both ' spreading ' and ' bunch ' type growth habits.
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